diseases, cardiovascular disease, and graft versus host disease.
Introduction
Traditional cell culture systems are inadequate for generating large numbers of cells required for industrial cellular biomanufacturing or for cellular therapies. One of the most relevant cell types for biomanufacturing are human mesenchymal stem cells (hMSCs), which are currently used in over 500 clinical trials for several indications, including bone and cartilage www.advancedsciencenews.com www.advhealthmat.de concentration enables control over cell behaviors, including attachment and proliferation. [10] Here, we demonstrate the use of the same PEG hydrogel formulations, coated on the surface of microcarriers, which extends the instructive aspects of these hydrogels to microcarrier culture. While existing polystyrene-, [3, [14] [15] [16] gelatin-, [17] [18] [19] [20] dextran-, [21] [22] [23] [24] [25] and cellulose [26] -based systems have found commercial success and demonstrate capacity for cell attachment and expansion, there are several shortcomings in state-of-theart microcarriers. All commercial systems have a composition and elastic modulus defined by the manufacturer, and are not amenable to customization. As a result, the end user cannot select optimal substrate properties for cell expansion, which is a particularly important limitation in stem cell culture. [27, 28] Traditional extracellular matrix (ECM)-based coatings are typically xenogenic, but new synthetic coatings such as vitronectin-based Synthemax (Corning Inc., Corning, NY) offer an alternative material. However, these coatings are not sufficiently thick to substantially enable control over the surface mechanical stiffness sensed by the cell, as thickness generally must exceed 10-20 µm to mask the rigidity of the underlying substrate. [29] Moreover, commercial microcarriers typically exhibit aggregation during standard culture for several days. [25, 30] Resultant aggregates are uncontrollable in size, and remove a degree of control over the system. The goal of this research was to establish a PEG-coated microcarrier with controllable mechanical and cell adhesion surface properties that also minimizes microcarrier aggregation.
Results

PEG Coating of Microcarriers
We fabricated microcarriers with a PEG hydrogel surface by localizing photoinitiator to a microcarrier "core" and initiating a step-growth polymerization reaction (Figure 1) . Polystyrene microcarriers were successfully coated using this approach (Figure 2) . To examine the robustness of this coating process, several microcarrier properties were examined after coating, including the coating completeness, size distribution, and circularity of coated microparticles. Over 95% of microcarrier cores were completely coated ( Table 1) , and only minor aggregation of microcarriers occurred during the coating process (<5% in optimized platform) ( Table 2) . Microcarriers had consistent diameter (and hence coating thickness), and the coatings were thick enough that cells would not sense the mechanical stiffness of the underlying core. Within the ranges tested, eosin adsorbed to microcarrier cores and concentration of microcarriers did not appear to influence microcarrier diameter (Figure 3) .
Several norbornene-functionalized PEG (PEG-NB) hydrogel formulations were prepared (Table S1 www.advancedsciencenews.com www.advhealthmat.de for mechanical testing. Elastic moduli of hydrogel coatings were measured using atomic force microscopy (AFM), and were on the order of ≈10-20 kPa. Stiffness could be varied by adjusting PEG-NB and prepolymer concentrations in the prepolymer solution. Notably, moduli for the 4% PEG-NB/60% theoretical cross-linking and 8% PEG-NB/20% theoretical cross-linking were significantly different (p < 0.05; Figure S1 , Supporting Information). Representative AFM loading/unloading curves are shown for several hydrogel formulations ( Figure S2 , Supporting Information). The 4% PEG-NB formulation with 60% theoretical cross-linking was used for cellular studies.
hMSC Attachment and Growth on Microcarriers
The integrin-binding peptide Arg-Gly-Asp (RGD) supported hMSC attachment and proliferation on PEG-coated microcarriers. Our lab has previously shown that cyclic(RGDfC) peptide yields a high hMSC attachment rate compared to the linear CRGDS peptide, [10] so the cyclic version of the peptide was incorporated into the precursor solution at 4 × 10 −3 m. hMSCs attached to, spread, and proliferated on both PEG-coated and uncoated microcarriers. Greater than 75% of cells appeared to attach to microcarrier surfaces after 24 h in all conditions, and cell morphology was consistent with typical hMSC culture (Figure 4 ). This attachment rate does not account for cell proliferation within the first 24 h, so actual attachment may be lower than the reported value. Cells proliferated on microcarrier surfaces over time, with low doubling times during early growth (1-2 d, Figure S3 , Supporting Information). After 8 d of growth, cells appeared confluent on the surface, illustrated with both phase contrast images and fluorescent visualization of the actin cytoskeleton tagged by phalloidin ( Figure 4 and Figure S4 (Supporting Information)). Particularly high cell expansion was apparent in serum-free media on coated microcarriers and serum-containing media on uncoated microcarriers ( Figure 5 ). There was some microcarrier aggregation during expansion on PEG-coated microcarriers, with substantially more aggregation of uncoated microcarriers ( Figure S5 , Supporting Information).
hMSC Differentiation after Expansion on Microcarriers
The PEG-coated microcarriers supported multipotency of hMSCs after expansion. We studied hMSC differentiation capacity after a 7 d culture on microcarriers because previous studies suggested that a 7 d culture period on substrates with controlled elastic modulus is sufficient to influence hMSC fate. [31] [32] [33] Trypsin or Versene (ethylenediaminetetraacetic acid; EDTA) solution lifted hMSCs from microcarrier surfaces, and cells were differentiated on collagen-coated surfaces. We induced osteogenic or adipogenic differentiation, and assessed by Alizarin Red S stain for mineral deposition by osteoblasts or lipid droplets in adipocytes, for each respective induction condition. Differentiation in the serum-containing condition on PEG-coated microcarriers was not apparent. However, the serum-free condition on PEG and both serum-containing and serum-free condition on uncoated microcarriers permitted both osteogenic and adipogenic differentiation after 7 d culture ( Figure 6 ).
Discussion
This work used an interfacial polymerization approach to generate consistent, hydrogel-coated microcarriers starting from a microparticle "core." Eosin-based interfacial poly merization has been used for many applications, including polymerization around live cellular aggregates, [34] [35] [36] tissues, [37] 2D surfaces, [38, 39] and nanoparticles. [40, 41] Early work with interfacial polymerization used a chain-growth polymerization approach, which results in a less homogeneous network compared to a step-growth polymerization, and also appeared to result in multiple zones of cross-linked polymer density. [35] More recent work with eosin as an initiator used step-growth polymerization with PEG-NB units, [36, 42] and showed that PEG-NB does not require a potentially cytotoxic coinitiator (triethanolamine) or reaction accelerator (N-vinylpyrrolidone) to generate sufficient radicals for visible light polymerization. In our current study, eosin was used to coat Hillex II microcarriers (Pall Corporation, Port Washington, NY) and enable interfacial polymerization of PEG-NB on microcarrier surfaces. The uniform coating and 3 ) are in accordance with the step-growth polymerization associated with the thiol-ene click crosslinking of PEG-NB. Uniform microcarrier size was not offered by several previously explored synthetic microcarrier systems, including those composed of PHEMA, [43] polyacrylamide, [44, 45] poly(l-lactic acid), [46] and poly(lactic-co-glycolic acid). [47] These microcarriers have not found widespread use, and are fabricated using emulsion-based methods, which can lead to polydispersity in size, an undesirable characteristic for controlled growth environments.
An important feature of our polymerization method is a viscous solution that enables completion of polymerization while microparticles are in suspension. To this end, 8-arm PEG containing a tripentaerythritol core, without norbornenefunctionalized arms (PEG-OH), was added as a thickener to increase the solution viscosity and hold microparticles in suspension. Without any PEG-OH addition, there was substantial aggregation of microparticle cores during interfacial polymerization ( Figure S7 , Supporting Information). Other materials besides PEG-OH may be useful as thickeners. In one example, the use of dextran in our studies resulted in www.advancedsciencenews.com www.advhealthmat.de consistent coatings that could support hMSC attachment when derivatized with cyclic(RGDfC). However, a water-inwater emulsion in the PEG-NB/dextran system also produced undesired "satellite" polymer droplets of uncontrolled size ( Figure S6 , Supporting Information). Notably, the appearance of the hydrogel layer using PEG-OH versus dextran as a thickener was different, with an apparent textured surface when PEG-OH was used ( Figure 2 ) and a smoother surface when dextran was used ( Figure S6 , Supporting Information). Mixtures of cross-linked and non-crosslinked polymer have been referred to as semi-interpenetrating networks and can be used to tailor hydrogel properties such as mesh size and elastic modulus. [48] [49] [50] Future studies may be capable of controlling these properties by tuning concentration, molecular weight, and other features of the thickener.
The preservation of cellular function in microcarrier culture was important to demonstrate, as cell phenotype can be significantly influenced by differences in substrate material and geometry, as well as agitation induced stresses and mass transport changes. [4] hMSC population doubling times ( Figure S3 , Supporting Information) were lower in the initial growth phase between 1 and 2 d, and higher when measured after 4 d, possibly due to contact inhibition. This trend has been previously observed on microcarriers, [22] and observed doubling times for hMSCs were comparable to previous studies values (30-40 h [51] ) and faster than several microcarrier systems with a wide range of previously reported doubling times (20-168 h; reviewed in ref. [52] ). Notably, hMSC doubling times were consistently faster in serum-free media (SFM) compared to serum-containing media, both in 2D fibronectin-coated and hydrogel-coated formats (data not shown) and on microcarriers ( Figure S3 , Supporting Information). This result is in contrast with previous studies, which have observed limited hMSC attachment to microcarriers in SFM, [16] attributed to the lack of cell adhesion sites. In the PEG-coated system, the high cell attachment rate (Figure 4m) , even in SFM, underscores the importance of the integrin-binding peptide added to the material. Faster MSC expansion with lower doubling times has been observed in serum-free media relative to serum-containing media, [53] [54] [55] [56] but not on microcarriers. Therefore, the high cell attachment observed on hydrogel-coated microcarriers may facilitate rapid expansion in SFM. In addition to doubling time, osteogenic and adipogenic differentiation capacity were also retained after expansion in SFM on PEG-coated microcarriers ( Figure 6 ).
PEG-coated microcarriers retain the standard benefits of existing microcarrier technology, including scalability, consistency in size, and ability to culture cells in a format that is applicable to existing bioreactors. However, PEG-coated microcarriers offer a series of additional features that address current limitations in microcarrier design. First, the addition of PEG enables control of surface mechanical properties and covalent incorporation of cell-interactive peptide ligands. Measured elastic modulus for hydrogel-coated microcarriers was much softer than that of polystyrene. While we have demonstrated modulus control by adjusting the PEG-NB concentration, it may be possible to achieve further control over mechanical properties by adjusting other parameters, such as the PEG molecular weight, cross-linker concentration, and/or PEG-OH concentration. Mechanical properties of hydrogels generated using the interfacial polymerization approach should be investigated in future studies to understand this system in more detail. While AFM was used in this study, future studies will benefit from other mechanical testing approaches to enable consistent measurements of samples with low elastic moduli.
Second, while hMSCs are typically detached from microcarriers or other expansion surfaces by trypsinization, [21, 22, 57] here hMSCs were successfully lifted from microcarriers using only EDTA. Eliminating the need for trypsin with PEG-coated microcarriers may be advantageous, as trypsin may influence cell proteome [58] and cell surface marker expression. Finally, the PEG-coated microcarriers show much less aggregation when compared to uncoated microcarriers ( Figure S5 , Supporting Information). Uncoated microcarriers, on the other hand, showed widespread and highly variable aggregation ( Figure S5 , Supporting Information). Our method does lead to some microcarrier aggregation during the polymerization process, due to microcarrier proximity in the PEG-based suspension. However, this aggregation affects fewer than 5% of microcarriers (Tables 1 and 2) .
One notable limitation of the current formulation is the high cost of input materials, including the PEG in suspension and the cyclic(RGDfC) peptide used for cell attachment. We have estimated costs for producing MSCs with lot sizes of 10 9 cells, as would be required for biomanufacturing for a therapeutic application., From a cost perspective (materials and labor), commercially available microcarriers reduce costs by 60% (serum-containing) and 80% (serum-free) when compared to ribbed roller bottles and cell stacks. Coating with the current PEG formulation greatly increases these costs. However, the cost of coated microcarriers may be sharply reduced with lower-cost polymers/peptides and with scaled up and optimized manufacturing. For example, 4-arm PEG-NB is a lower-cost alternative to the 8-arm PEG-NB used in this paper. Additionally, lower-cost linear RGD-containing peptides can be easily substituted for the cyclic peptide used in this manuscript, using the same thiol-ene chemistry. Despite the potential cost limitation, the physical and biochemical customizability offered by PEG-coated microcarriers provide several key advantages over existing microcarrier technology that may enable enhanced control of cell growth during biomanufacturing.
Conclusion
We have developed a PEG hydrogel microcarrier coating, based on interfacial polymerization, which enables hMSC expansion. hMSCs attached to coated microcarriers with high efficiency, expanded with short doubling times during early growth, and retained multipotency after expansion on microcarriers. The PEG hydrogel coatings offer improvements over commercially available microcarriers, including a tailorable surface and substantially reduced microcarrier aggregation during hMSC culture. The experiments detailed in this paper provide a template for validating hMSC properties and growth on microcarriers with modified coating composition. These microcarriers with defined, synthetic coatings may be suitable for a variety of biomanufacturing applications.
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Experimental Section
To coat PEG on the surface of microcarriers, eosin was localized to the microcarrier surface, and used as a photoinitiator with visible light to cross-link PEG in proximity to the microcarrier surface.
PEG-NB Synthesis:
PEG-NB was synthesized, using previously described methods, from 20 kDa 8-arm PEG with a tripentaerythritol core (JenKem Technology USA, Plano, TX). [9, 59] Briefly, PEG, dimethylaminopyridine, and pyridine were dissolved in anhydrous dichloromethane in one reaction vessel, and N,N′-dicyclohexylcarbodiimide and 5-norbornene-2-carboxylic acid were dissolved in another reaction vessel. The solutions were combined and stirred overnight to covalently link the PEG to the 5-norbornene-2-carboxylic acid, and the product was filtered and precipitated in cold 9:1 ether:hexane solution. After drying, purification by dialysis, and lyophilization, PEG-NB functionalization was confirmed by 1 H nuclear magnetic resonance spectroscopy. Samples were prepared in CDCl 3 (6 mg mL −1 ) with tetramethylsilane (TMS) internal standard. Free induction decay spectra were obtained using spectroscopy services provided by the National Magnetic Resonance Facility at Madison on a Bruker Instruments Avance III 500i spectrometer at 400 MHz and 27 °C. PEG-NB was reconstituted in phosphate-buffered saline (PBS; 300 mg mL −1 ) and stored at −80 °C until use.
Hydrogel Formulation and Cross-Linking: Thiol-ene chemistry was utilized to cross-link hydrogels via step-growth polymerization, initiated by eosin localized to the substrate. Eosin had previously been used to localize PEG polymerization to amine-functionalized surfaces, [38, 39] including iron oxide nanoparticles. [40] It had also been successfully used as the only photoinitiator with PEG-NB cross-linking. [42, 60] Here, Hillex II amine-functionalized microcarriers (Pall Corporation, Port Washington, NY) were incubated in eosin solution adjusted to pH 9 overnight at concentrations normalized to the microcarrier surface area, ranging from 200 to 600 nmol eosin cm −2 of microcarrier surface area. Prolonged incubation resulted in eosin adsorption, with no apparent desorption after water washes. A solution of PEG-NB prepolymer (40 mg mL −1 ), PEG dithiol (3.4 kDa; Laysan Bio Inc., Arab, AL), and cyclic(RGDfC) (4 × 10 −3 m; GenScript USA Inc., Piscataway, NJ) was prepared, assuming 60% cross-linking for a bulk hydrogel. Additionally, 20 kDa 8-arm PEG with a tripentaerythritol core (JenKem Technology USA, Plano, TX) was added to a final concentration of 400 mg mL −1 in PBS. The final solution was combined with eosin-coated microcarriers in glass scintillation vials coated with SigmaCote (Sigma-Aldrich, St Louis, MO) and vortexed. All solution components were passed through a 0.2 µm sterile filter prior to use. Other cysteine-terminated peptides or cross-linkers could be added to the prepolymer solution as desired. While the prepolymer component concentrations were calculated assuming bulk gelation, interfacial photoinitiation might result in heterogeneous cross-linking [35] or hydrogel properties that differed from calculated values which assumed polymerization of the entire solution.
Wide-band visible light with intensity of at least 75 klx, using a 200 W light-emitting diode (LED) flood light, cross-linked PEG-NB around the microcarriers for 30 min at room temperature (Figure 1 ). The thickness of the gel layer might be tunable by adjusting light intensity, cross-linking duration, and eosin concentration, in addition to hydrogel parameters. Coated microcarriers were washed several times in PBS and swelled overnight.
Imaging and Microcarrier Analysis: To study the consistency of microcarrier coatings, coated microcarriers were incubated in Brilliant Blue G (1 mg mL −1 ; Sigma-Aldrich, St Louis, MO) for 20 min, and washed with PBS until washings were clear. Brilliant Blue was retained in the hydrogel and provided contrast, and microcarriers were transferred to 96-well plates and imaged in color on a Nikon Eclipse TI microscope (Nikon, Tokyo, Japan). NIS-Elements software was used to perform diameter measurements. The "measure length" tool was used to measure the longest and shortest dimensions, and these were averaged to obtain a diameter measurement for a single microcarrier. At least n = 30 microcarriers were used to obtain an average and standard deviation of diameter for each polymerization condition.
Atomic Force Microscopy: AFM was performed on a Bioscope Catalyst AFM (Bruker, Billerica, MA) with a Zeiss (Oberkochen, Germany) Axiovert 200 optical microscope. Indentation on individual microcarriers or a bulk gel was performed to 5 µm at 1 Hz, corresponding to a rate of 10 µm s −1 , using a conical probe with a half angle of 18° (Bruker). For the microcarriers with 8% PEG-NB and 20% theoretical cross-linking, a 2 µm indentation was used. Spring constants for probes used were determined to be between 0.05 and 0.1 N m −1 , by software calibration. The elastic modulus was calculated using Nanoscope Analysis software (version 1.50) using a Sneddon (conical) fit model. Loading (extension) and unloading (retraction) data were acquired, but extension was used to report elastic moduli, as this had been previously reported using nanoindentation to measure the elastic modulus of PEG-DA. [61, 62] Moduli from multiple spots on three different samples were reported and analyzed using a two-tailed Student's t-test. For microcarriers with 4% PEG-NB and 60% theoretical cross-linking, Dixon's Q test was used to reject a single outlier measurement (p < 0.01).
Cell Culture and Seeding on Microcarriers: hMSCs (Lonza, Walkersville, MD) were cultured in 10% fetal bovine serum (FBS)/ alpha minimal essential medium (αMEM) with l-glutamine and penicillin (100 U mL −1 )/streptomycin (100 µg mL −1 ) (GE Healthcare Life Sciences, Pittsburgh, PA) or in serum-free mesenchymal stem cell growth medium (SFM; Lonza, Walkersville, MD). Cells were used within 15 population doublings of receipt (passage 7 or earlier). MSCs were cultured on tissue culture polystyrene (TCPS) in FBS-containing medium or on 5 µg mL −1 human fibronectin-coated TCPS in SFM. A 100% media exchange was performed every 3-4 d until cells reached 70%-80% confluence. After harvesting with trypsin (0.05%), cells were neutralized with 10% FBS/αMEM or defined trypsin inhibitor (Thermo Fisher Scientific, Waltham, MA) for serum-containing and serum-free conditions, respectively, and resuspended in the appropriate culture medium.
hMSCs were seeded on microcarriers in poly-HEMA-coated 24-well plates at controlled cell densities. 3 cm 2 of microcarrier growth area was used per well, using the estimate that PEG coating increased the surface area fivefold, based on the diameter change. Plates were agitated intermittently every 30 min three times, and hMSC attachment was permitted in static culture in standard conditions (37 °C, 5% CO 2 ) for 24 h. After this static culture period, plates were moved to a plate shaker set to 250 rpm for the remainder of the culture period.
Cell Attachment and Proliferation Assessment: To qualitatively assess cell attachment and growth, samples of microcarriers were washed with PBS and cells were fixed in 10% formalin. After washing, permeablization, and blocking, cells were stained with phalloidin (98 × 10 −9 m Cytoskelton, Inc. Denver, CO or Thermo Fisher Scientific, Waltham, MA) to highlight the actin cytoskeleton and Hoechst 33342 (1:2000) to visualize cell nuclei. Microcarriers were visualized on a Nikon Eclipse TI microscope with NIS Elements software.
A CyQUANT Cell Proliferation Assay Kit (Thermo Fisher Scientific, Waltham, MA) was used to quantify MSC number. Microcarriers with cells were isolated at desired time points, lysis buffer with GR dye was added, and DNA concentration was measured according to kit instructions, followed by normalization to known numbers of hMSCs. From cell numbers, expansion and population doubling times were calculated.
hMSC Differentiation and Assessment: hMSCs were differentiated to osteoblasts and adipocytes based on established protocols in the literature. [63] Briefly, osteogenic (OS) medium and adipogenic induction medium (AIM) were prepared. OS medium consisted of 10% FBS in αMEM (above) with dexamethasone (0.1 × 10 −6 m), β glycerol phosphate (10 × 10 −3 m), and ascorbic acid 2-phosphate (50 × 10 −6 m). AIM consisted of 10% FBS in Dulbecco's modification of Eagle's medium high glucose with penicillin (100 U mL −1 )/streptomycin (100 µg mL −1 ), 1 × 10 −6 m dexamethasone, 10 µg mL −1 insulin, and 500 × 10 −6 m isomethyl isobutyl xanthine. To assess differentiation, cells were isolated from microcarriers using trypsin and seeded on collagencoated 48-well plates at 5000 cells cm −2 or greater in 10% FBS/αMEM. After cells reached confluence, medium was changed to OS medium or 
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